Abstract-So far, several methods to reduce the cogging torque of permanent magnet motors have been introduced. Implementation and evaluation of these methods have usually been done on radial flux types of motors. Nowadays, as axial flux permanent magnet motors have more advantages over radial ones, they are more attractive. Therefore, in this paper analytical modeling and calculation of the most effective method impact in reducing the cogging torque in axial flux permanent magnet motors will be studied. In fact, in this method the radial edges of the magnets will be curved to have a significant impact on reducing this unwanted component. This paper introduces a new concept to model this method. Finally, the accuracy of the proposed method will be verified by finite element analysis.
INTRODUCTION
Nowadays, permanent magnet motors are used increasingly in a wide range of applications. In terms of flux path, these motors are categorized into axial and radial flux types. Axial flux types, also known as disc motors, have higher torque density and efficiency than radial flux types [1] . In these motors, torque ripple is one of the main disadvantages increasing the ripple, due to the interaction between magnets and stator teeth called cogging torque. This additional component in permanent magnet motor torque exists even without the presence of the stator current and creates noise, vibration and undesirable starting performance [2, 3] .
One method of cogging torque reduction as reported in [3] is to change the relative position of the poles and group them. This method acts based on creating an asymmetric distribution of the magnetic field in the two sides of the magnets and comes into account as one of the simplest and most economical methods. Pole skewing is another effective method which has been used in various researches having a significant impact on performance [2, 4, 5] . The pole skewing method is more applicable in surface mounted axial flux permanent magnet motors (due to their simple structures). In the interior magnet types the teeth skewing is applied instead of poles skewing. The effect of skewed teeth is like the magnets skewed, but this method has some disadvantages. With this method, increasing the length of the conductors and decreasing their surface cause higher copper losses and then lower efficiency. Also, construction of a stator with skewed teeth is more complex, increasing the cost of applying it. This method is very effective in reducing the cogging torque and improving the distribution of the back EMF [6, 7] . Also other magnet shapes such as triangle, trapezoid and circle are the efficient methods which have been applied to axial flux motors [8] . With the creation of dummy slots, the interaction between magnets and stator slots will be increased, increasing the main frequency, removing some of the harmonic orders and reducing the maximum amount of cogging torque. This method can even cause saturation on teeth surface by changing the distribution of flux lines [6] . Applying changes on the edge of the magnets (similar to other methods related to changes on the poles) has a significant effect on cogging torque reduction. The [9] is one of the few researches that have discussed this method in which four different modes have been examined on radial flux motors.
Regardless of the influence of each of these methods on cogging torque and their implementation/simulation issues, the analytical study of each method has high importance, too. This work has been done for most of the methods, but modeling of axial flux motors is more difficult due to their unique structures. Mostly, studies on this type of PM motors are then often based on 3D finite element analysis software and not analytical methods. In this paper, using some concepts from existing methods, we have tried to present an analytical method to study the effect of curvature method of poles edges in SM-AFPM motors for the first time. The equations corresponding to this method will be provided firstly. Then, by three-dimensional simulation based on finite element analysis, the accuracy and precision of these relationships is studied.
COGGING TORQUE CALCULATION IN AFPM MOTORS
It can be said that many design parameters influence a cogging torque profile, such as slot opening width, dimensions of stator and rotor, air gap length and magnet curve to pole pitch ratio (the magnet embrace). Nevertheless, changing the values of these parameters in order to minimize the cogging torque can change other motor desired characteristics, including cost, volume and efficiency. Therefore, these parameters are considered to be already determined by design specifications unless the cogging torque constraint is also included in the main design procedure. The proposed method in this paper can minimize the cogging torque while not affecting the main design variables of the motor.
Generally, the AFPM machines are modeled by the quasi three-dimensional computation method introduced in [10] . Based on this computation, these machines are divided into a number of categories as shown in Figure 1 . This procedure will give much more accurate results than the average diameter of the rotor [10, 11] . Also, by increasing the number of computational plans, the accuracy and time of the calculation will be increased. According to this approach, a machine will be divided to several machines with different diameters, pole pitch and the proportion of pole arc to pole pitch. After analyzing each of these machines, operational specifications of the main machine can be achieved by summing the results [10] .
The modeling of different methods of reducing the cogging torque will be easier with the definition of magnetic flux density distribution produced by the magnets since the change in the shape of the magnets directly affects this parameter. In [12] , the air gap flux density distribution without the effect of the slots is given as follows:
where B r and μ r are the residual magnetic flux density and permeability of the permanent magnet, respectively. g is the air gap length, h m the magnet height, p the pole pair number, and D av,i the rotor diameter in the ith plan which can be calculated from the following relation [11] ,
The slotting effect will be applied to the air gap flux density by multiplying Equation (1) by relative permeance function. The relative permeance function is as follow:
where θ 1 is the position of the nearest tooth edge from the point where the field is calculated. Now, with regard to the cogging torque relation in [12] , it can be rewritten based on the concepts of quasi method.
In this equation, N is plan number, S the slot number, μ 0 the magnetic permeability of free space, and α s the stator pole-arc to pole-pitch ratio.
METHOD EXPLANATION
In Figure 2 , it is demonstrated how the magnet edges are curved. These curves are created from a quarter of hypothetical circles with the same diameter causing changes in the flux density.
This method can be modeled based on air gap reluctance changes relative to rotor position [9] . In this paper, a new modeling procedure without complex mathematical manipulations will be given. According to the proposed method, in addition to the radial pole division (Figure 1 ), magnets are divided along the motor axis ( Figure 3 ) leading to ease of modeling.
In fact, based on this method, as shown in Figures 4 and 5 , the poles are converted to sub poles. These sub poles have different heights and widths. Increasing the number of sub poles will increase the modeling accuracy. In Figure 4 , N 1 is the number of sub poles.
As shown in Figure 5 , since the axial divisions must be an approximation of a circle, equal divisions in the vertical axis will not cut off the horizontal axis in equal divisions. For this reason, calculation of the width of each axial division in each plan needs to taken into account of certain considerations, which will be presented in the subsequent sections. After dividing the vertical axis in the curved section, the height of each part relative to the smooth surface will be calculated by Equation (5):
where R c is the curve radius. The length of each point on the horizontal axis corresponding to each point on the vertical axis with regard to circle shape of the curve can be calculated by Equation (6):
Using Equations (5) and (6), the width and height of the magnets and the air gap length corresponding to each sub pole in Figure 4 can be obtained. In the ith plan, the sub pole's width is as follow:
The pole arc to pole pitch ratio can be calculated according to Equation (8),
As mentioned previously, each sub pole has a different height and air gap length, and these two characteristics can be calculated using Equations (9) and (10), respectively:
By replacing Equations (8)- (10) into Equation (1), the effect of curvature can be applied. The flux density relationship by taking the effect of curvature of the edges has been brought into Equation (11) . A very important point relating to Equation (11) is that some areas of the sub poles such as that shown in Figure 6 will be considered in the calculation several times; of course, the effect of these conflicts must be deleted in the final results of Equation (11).
Equation (12) for n 1 from 1 to N 1 , with the subtraction of the effect of any part by previous part, eliminates the effect of these conflicts completely.
ANALYTICAL AND FEA RESULTS VALIDATION
At the first stage of this section, a 3-phase motor will be simulated in Ansys-Maxwell R software. Motor nominal output power, voltage and rated speed are taken as 550 W, 120 V and 1500 RPM, respectively. Also, it has 8 poles, 24 slots and a single-layer winding. Pole-arc to pole-pitch ratio is 0.7 in this case. Some other motor characteristics have been tabulated in Table 1 .
Analysis of the axial flux permanent magnet motors is only done in 3-D space due to their unique structure. Figure 7 shows a three-dimensional view of the simulated motor in this software.
After completely defining the process of simulation such as applying the mesh, boundaries and material specifications, the cogging torque curve can be calculated for different curvature radii, by finite element analysis. Figure 8 shows the results of calculations for the 2, 4, 6 and 8 mm radii, and the effect of curved edges has been shown clearly in this figure. It is observed that the curved edge with 8 mm radius decreases the torque amplitude by about 85%.
In the performed simulations, the numbers of tetrahedraes for the first case without shaping the magnets and the second case with a curvature of 8 mm are respectively 38207 and 38275 while the simulation times are respectively 1014 sec and 786 sec. Also the rotor is revolving with an angular speed of 1 degree per second; the period of cogging torque is 15 degrees derived using (360 • /24 (Slot Number) = 15 • ). Therefore, the number of rotor positions considered in one cogging torque period is 15. Due to the significant effect of 8 mm radius, in what follows, the results of analytical and numerical calculations will be confined to this case. For this reason, the air gap flux density corresponding to the case after and before implementing this method based on analytical relationships will be calculated. Figure 9 shows this parameter. The number of axial subdivisions used to model the curved area and the number of radial divisions are 16 and 25, respectively. Figure 10 shows this parameter but obtained from finite element analysis. In Figures 9 and 10 , the effect of curved edges on flux density is shown. By comparing these figures, the accurate amount of the proposed analytical relationships is determined.
To have a more precise and accurate comparison of relationships, flux density curve of finite element analysis (numerical) and analytical relations after implantation method are shown together in Figure 11 . As can be seen from Figure 11 , it can be argued that using the proposed relationships, curvature of poles edge method can be modeled more accurately.
Determination of magnetic flux density distribution in various parts of the motor has great importance because this parameter is very influential on the functional specifications of the machine. For instance, the developed torque is in direct ratio with flux density [2] . Since the curved edges can affect this parameter, the amount and distribution of flux density in two poles of the motor have been shown in 2D and 3D space in Figure 12 .
In Figures 13 and 14 , the cogging torque curves in smooth and curved edges (with 8 mm radius) have been shown, respectively. For a more accurate comparison, the results of analytical relations and finite element analysis have been drawn together. The accurate amount of the proposed analytical relations has been determined. Due to the reduction in the magnets volume in the proposed method, motor operational specifications becomes worse, such as the developed torque and back-emf. According to what was previously stated, the torque value has a direct ratio with the flux density, and since the changes in the flux density distribution are not seen appreciable as seen in Figure 12 , the average torque is also not significantly decreased. Figures 15 and 16 show the developed torque and back-emf, respectively. Referring to Figure 15 , the aforementioned assumption (negligible reduction in the average torque) is observed. The reduction in torque ripple is clearly visible.
In addition to cogging torque, the improper waveform of back-emf is a factor in creating the torque ripple. Therefore, implementation of a method should not inversely affect the back-emf, and its harmonic distortion should not become worse either. As shown in Figure 16 , no negative effect is observed on the back-emf waveform, another benefit of this method.
CONCLUSION
In this paper, an effective method to reduce the cogging torque of axial flux permanent magnet motors has been modeled. This method is curvature of the edges of the magnets. This method is modelled based on the idea of converting each pole to several sub poles with different heights, widths and air gap lengths. In order to confirm the validity of the results of the proposed analytical relationships, a three-dimensional finite element simulation has been used. The results represent a reduction of about 85 percent on the cogging torque amplitude and high accuracy of the suggested analytical model. The effect of this method on some other motor characteristics such as the developed torque, flux density and back-emf has also been evaluated in simulations. It is observed that this method has minimum negative effects on motor operational characteristics.
